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Abstract
 

A Cooperative Adaptive Cruise Control (CACC) system has been developed by adding a 

wireless communication system and new control logic to an existing commercially 

available adaptive cruise control (ACC) system.  This report describes the design and 

implementation of the CACC system on two Infiniti FX-45 test vehicles, as well as the 

data acquisition system that has been installed to measure how drivers use the system, so 

that the eventual impacts of such a system on highway traffic flow capacity and stability 

can be estimated. 
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Executive Summary
 

This report provides documentation of the design and implementation of a Cooperative 

Adaptive Cruise Control (CACC) system on two Infiniti FX-45 vehicles that were 

provided to the project by Nissan Motor Company.  These vehicles will be tested in 

subsequent research projects to develop quantitative measurements of their performance 

and of how drivers from the general public choose to use the CACC.  The information 

from the tests by these naïve drivers will indicate what the potential impacts of CACC 

could be on highway traffic capacity and dynamics, which has profound implications for 

the future of the highway system. 

The CACC concept is defined and described, and then the specific implementation for 

this project is described.  The control logic of the CACC system is explained, and its 

implementation on the test vehicles is described. 

Because the most important experiments involving these vehicles will require 

measurements of the performance and behavior of drivers chosen from the general public, 

an important element of the project is a digital data acquisition system that records how 

the vehicles are driven.  This system will be used to record baseline driving data when the 

test drivers drive one of the vehicles as their regular personal car for two weeks, 

recording quantitative measurements of vehicle motions and driver actions, together with 

five channels of video data.  When the same drivers drive the other vehicle using CACC 

during comparable test drives accompanied by a PATH researcher, the same 

measurements will be recorded so that they can be compared with the baseline driving.  

The design of the data acquisition system and the information that it records are described 

here for reference. 
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However, the potential performance advantages cannot be realized in practice unless 

drivers are interested in acquiring and using the system. This is why the experiments 

with the drivers are important, to learn what they like and dislike about the cooperative 

ACC and which performance settings they prefer. If drivers like the shorter gap settings, 

CACC could produce significant improvements in lane capacity. However, if they do not 

find the shorter gaps acceptable these improvements will not be achievable. 

3.2 System design 

The primary elements of the CACC system, in addition to the underlying ACC system on 

which it is based, are the wireless system used for communication from the target vehicle 

to the subject vehicle, the CACC control system, which decides how to modify the 

driving commands issued to the vehicle’s engine, transmission and brakes, and the driver 

interface, which is an expanded version of the ACC driver interface. 

3.2.1 Communication System 

Data are communicated from the CACC lead vehicle to the CACC subject vehicle using 

WAVE Radio Modules (WRMs) supplied by Denso. These use the IEEE 802.11p DSRC 

standard, but were developed and installed prior to the completion of the IEEE 1609 

standards and therefore do not rely on those standards. The WRM radios are connected 

to antennas, which are temporarily mounted on the roofs of the test vehicles for the 

CACC testing. 

3.2.2 CACC control system 

3.2.2.1 CACC control implementation 

Figure 3 shows the configuration of the ACC controller. The ACC sensor is a fixed five-

beam LIDAR on the silver FX-45 and a scanning LIDAR on the copper FX-45, 

representing two different generations of the Nissan ACC product.  The sensor provides 

measurements relative to the preceding vehicle such as distance and relative speed, which 

is sent to the ACC control unit through the CAN bus.  Limited brake actuation (<0.3 g) is 

realized with a brake booster.  A brake pressure sensor is installed to provide brake 

pressure information for fine brake control. The ACC control unit also sends CAN 

messages to actuate the engine through the engine ECM.  The ACC controller is housed 

in the ACC control unit with a two-layer architecture.  At low level, a speed servo 

controls the vehicle brake and engine so that vehicle speed will track the speed command 

Vspc  generated by the upper level quickly and accurately. At the upper level, the ACC 

controller sends out appropriate speed commands based on the ACC sensor 

measurements so that a desired time gap to the preceding vehicle is maintained.  

3 
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Figure 3: Co onfiguration of Existing NISSAN ACC Controller 

To develop a CACC control l system, it is necessary for the prototype contr roller to have 

the capability to actuate the v vehicle’s brake and engine one way or another. Based on the 

existing ACC controller sstructure shown in Figure 3, this could pootentially be 

accomplished in three differe ent ways: 

1.	 The prototype CACC C controller directly actuates vehicle engine and brake (in this 

case, the brake booste er). In this way, the prototype controller would d have the full 

control authority for t the vehicle longitudinal control purpose. Howevver, actuating 

engine/brake directly y would involve extensive modifications to the existing 

vehicle’s hardware an nd software. 

2.	 The prototype CACC C controller sends out the same desired speed com mmand as the 

higher level ACC co ontroller. Although this would reduce the flex xibility of the 

prototype controller design compared with the first option, the exxisting speed 

servo function could d be utilized for the CACC controller design n. Since the 

desired speed com mmand is inside the ACC control unit, , substantial 

hardware/software mo odifications to the existing vehicle would still be e required. 

3.	 As shown in Figure 44, the ACC sensor sends the relative distance and d speed of the 

preceding vehicle to the ACC control unit through the CAN bus. AA simple way 

for implementing the cooperative vehicle longitudinal control is that the prototype 

CACC controller acce epts the ACC sensor measurement information a and sends out 

calculated virtual rel lative distance and speed to the ACC control unit instead. 

Although this include es the existing NISSAN ACC controller in the lo oop and poses 

additional difficulties s for the CACC controller design, it only requires minimum 

modifications to the e  existing NISSAN software.  
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Figure 4: Add-on System Design for PATH CACC 

Given the time frame of this project, the third option was chosen for the prottotype CACC 

controller implementation. The configuration of the add-on system de esign for the 

prototype CACC is shown in n Figure 4. With the CAN message definitions s provided by 

NISSAN, the prototype CAC CC controller can access the ACC sensor meassurement and 

vehicle information such as s wheel speed, gear position and engine RPM M through the 

vehicle CAN bus. At the s same time, the prototype CACC controller can n also receive 

information about the preced ding vehicle such as wheel speed, gear position, engine RPM, 

throttle pedal position and ac ccelerator pedal position via DSRC wireless com mmunication. 

A CACC control algorithm, which will be detailed in the following sectionns, calculates 

the virtual distance and rela ative speed command and sends it to the ACC C control unit 

through the CAN bus. 

3.2.2.2 CACC State Mach hine and CACC Vehicle Identification 

Figure 5 illustrates the state machine for the prototype CACC controller. The nominal 

mode of CACC operation is s Gap regulation, but it is important to account t for how this 

mode is initiated and termin nated. The transition from conventional ACC C operation to 

CACC gap regulation is acc complished through the target ID mode, which h is needed to 

verify consistency between t the ACC sensor data and the DSRC communica ation data. If 

the gap is larger than a suit table threshold for gap regulation, the Gap clo osing mode is 

invoked.  

Whenever there is a target ch hange (e.g., a vehicle cuts in between the CACC C and its lead 

vehicle), the prototype CAC CC controller retreats to the ACC mode by ssending ACC 

sensor measurements directly y to the ACC control unit.  The following step is s to identify if 

the preceding vehicle is the e vehicle exchanging information through DS SRC wireless 

communication. If the prece eding vehicle is identified as one of the CACC vehicles, the 

gap between these two vehi icles will be accessed. If the vehicle gap is t too large, the 

PATH CACC controller wwill switch to gap closing mode until the ve ehicle gap is 

shortened below a predeterm mined threshold. The function of the gap regulaation mode is 

to maintain the desired gap b between the two vehicles. 
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Figure 5: State Machine for PATH CACC controller 

 

Before using the information from DSRC wireless communication for CACC control 

purpose, we really need to identify if the ACC sensor target is the vehicle that is 

communicating through the DSRC wireless communication.  This is the primary function 

of the target ID mode.  This problem would be much more complicated if there were 

multiple vehicles with DSRC wireless communication around.  Since there will only be 

two DSRC equipped vehicles during our testing, a simple method is adopted for the 

target ID purpose.  Figure 6 shows the comparison of relative speed output between the 

ACC sensor and DSRC when the ACC sensor target is the DSRC vehicle.  The ACC 

sensor output follows the DSRC output with about 0.5 sec time delay.  This characteristic 

is used to confirm the target ID. 

Figure 6: Comparison of relative speed output between ACC sensor and DSRC 
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Figure 7: PATH CACC Gap Closing Controller 

 

 

 

 

Speed Trajectory 

3.2.2.3 CACC Controller Structures and Enhanced Speed Servo Loop 

 

Figure 7 and Figure 8 show the controller structures for the CACC gap closing controller 

and CACC gap regulation controller.  One of the important components of the prototype 

CACC controller is the enhanced speed servo.  As mentioned in the previous section, the 

actuation of the existing engine/brake is implemented by sending virtual relative 

distance/speed commands to the ACC control unit through the CAN bus.  To fully utilize 

the existing ACC controller and simplify CACC controller design, the enhanced speed 

servo is designed to maintain the vehicle speed according to the desired speed command 

from the higher level controllers (e.g., speed trajectory planning for the prototype CACC 

gap closing controller).  In the implementation, the virtual relative distance command is 

always kept at the desired time gap and the virtual relative speed command is used as the 

control input.  After extensive frequency response testing, the enhanced speed servo loop 

was designed using the loop shaping method.  This controller structure is very similar to 

the successful existing ACC controller. 

 

Figure 8: PATH CACC Gap Regulation Controller 

 

3.2.2.4 CACC Gap Closing Controller Design 

 

When the relative distance between two vehicles is much larger than the desired time gap, 

controller saturation will occur if the high-gain gap regulation controller is engaged 

immediately.  Such controller saturation will generate an oscillating response and make 

the driver uncomfortable.  One way to resolve this problem is to introduce controller 

switching.  The CACC gap closing controller will be engaged before the relative distance 

reaches a predetermined threshold value.  The CACC gap closing controller is a “semi” 

open loop controller.  A trapezoidal relative speed trajectory is planned with respect to 
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Figure  11:  ACC  displays  (left)  and  controls ( right)  

The ACC display is located at the bottom of the tachometer dial on the instrument panel, 

adjacent to the transmission gear indicator, as shown in Figure 11. This picture shows 

how the display looks when the ACC has first been activated, but the set speed has not 

yet been selected and the vehicle is not moving fast enough for a lead vehicle to be 

detected and indicated. 

The driver controls the ACC with four buttons. The ACC is activated by the driver 

pushing the “on/off” button (the left side of the middle button on the steering wheel), as 

shown in Figure 10 and 11. The set speed is selected by toggling the top button down, 

and then toggling it up or down to increase or decrease the set speed. Short toggles 

produce changes of 1 mph in set speed, while holding the button in the up or down 

position for about one second produces a change of 5 mph in the corresponding direction.  

The bottom button (“Cancel”) is used to interrupt the ACC action at any time the user 

chooses, analogous to hitting the brake pedal, but retaining the set speed value for the 

next time the system action is resumed by toggling the top button up. 

3.2.3.2 CACC Driver Vehicle Interface 

From a driver’s perspective, the CACC operation is identical to that of the original 

factory-installed ACC. Therefore, the existing ACC driver interface (described above) 

has been adapted for the CACC, with minor changes on the display, as there is one more 

gap proposed to the drivers and no changes to the controls. On the copper-colored FX-45, 

which is used for the CACC driving experiments, this display is located on a special 

larger screen, mounted to the right of the steering wheel as shown in Figure 12.   
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Figure 12: CACC display (right of steering wheel) 

This display allows both the driver and the experimenter to see the setting during the 

experiments. The additional radio transmitter icon indicates whether the vehicle-vehicle 

communication is operational. Note in Figure 12 that there is also a small video camera 

mounted by this display, pointed at the driver’s face. This camera is used to verify that 

the correct person is driving the vehicle, and that it has not been driven by an 

unauthorized driver who is not part of the experiment. (see DAS section for more details 

on data collection setup). This display is not representative of the display that would be 

used in a commercially available CACC, which would most likely be integrated in the 

same fashion as the ACC display. Therefore, the location of the screen and the number 

of gaps available will not be a topic for evaluation in the experiments.  

Figure 13: CACC Driver Vehicle Interface 

11
 





 

 

   

 

 

       

 

                

            

 

 

 

              

 

The DAS is shown in Figure 14, which illustrates the connection between the ACC and 

CACC computers with the engineering computer already interfaced with the CAN bus 

(See Figure 4). 

Figure 14: C/ACC DAS and Engineering Computer 

Figure 15 shows the computer installation with the cover closed, as it will be seen by the 

test participants. The closed cover protects the equipment and leaves the participants 

with trunk space behind it for storing goods that they need to transport. 

Figure 15: Computer enclosure in luggage compartment behind rear seat of vehicle, with cover 

closed 
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The DGPS system is used to provide continuous information about the location of the 

vehicle and the accurate time reference. It receives satellite signals from an antenna 

mounted on the roof of the vehicle, adjacent to the additional antenna used to receive the 

vehicle-vehicle DSRC communications, as shown in Figure 16. 

Figure 16: DGPS Antenna (left) and DSRC Communication Antenna (right) 

The locations of the video cameras in the front portion of the vehicle interior are shown 

in Figure 17. An additional video camera is mounted in the rear window of the vehicle, 

facing back, to capture images of the traffic scene behind the vehicle. 

Figure 17: Vehicle Interior, Showing Locations of Video Cameras 
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The yellow box contains the information sent from the Communication Computer (the 

one paired with the CACC Computer in the other vehicle). This information is also 

recorded on the Lead Vehicle data logging computer. 
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Figure 19: DAS Data flow for CACC Vehicle 

The yellow box contains the information received by the CACC control computer from 

the lead vehicle. This information is transmitted to the Engineering computer (data 

logging computer) 
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Table 1: Contents of C/ACC data file (file beginning with character 'a') 

Column Description Unit/Range 

1 = A Time of day this entry was recorded hh:mm:ss.sss 

2 = B Number of seconds since start of process sec 

3 = C Virtual pedal position (from driver, ACC 

or CACC) 

percent 

4 = D Engine RPM rpm 

5 = E Mean effective torque Nm 

6 = F During shift (no/yes) 0/1 

7 = G Current gear 0-8 

8 = H Front right wheel speed rpm 

9 = I Brake pressure bar 

10 = J Change counter 0-7 

11 = K Output Shaft revolution rate rpm 

12 = L Turbine revolution rate rpm 

13 = M Target engine torque Nm 

14 = N Target lock 0/1 

15 = O Virtual distance (CACC output command) m 

16 = P Virtual speed (CACC output command) m/s 

Table 2: Contents of Communication file from lead vehicle (file beginning with character 'c') 

Column Description Unit 

1 = A Time of day this entry was recorded hh:mm:ss.sss 

2 = B Number of seconds since start of process sec 

3 = C Time wireless comm message sent sec 

4 = D Time wireless comm message received sec 

5 = E Time engineering message sent sec 

6 = F Time engineering message received sec 

7 = G Message count 0-255 

8 = H My time msec 

9 = I Accelerator pedal position (from driver) percent 

10 = J Virtual pedal position (from driver, ACC or 

CACC) 

percent 

11 = K Engine RPM rpm 

12 = L Mean effective torque Nm 

13 = M During shift (no/yes) 0/1 

14 = N Current gear 0-8 

15 = O Front right wheel speed rpm 

16 = P Driver brake 0/1 
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used when traffic is fairly dense we would skew our data into having shorter time gaps 

for the baseline than if we used data from trips driven when there is no possibility to use 

the system. 

Table 4 below summarizes the test condition for each day. Of special interest will be the 

data collected on days 1, 2, 5, 6, 7, 8, 9, 12 and 13. Because days 3, 4, 10 and 11 are 

weekends, we do not expect the participants to go to work, however, California being 

California, it will be worthwhile to double-check this assumption with the data. 

Table 4: Summary of testing condition per day 

Wednesday Thursday Friday Saturday Sunday Monday Tuesday 

Week 1 Vehicle 

delivered 

Day 1 

No ACC 

Day 2 

ACC 

Day 3 

ACC 

Day 4 

ACC 

Day 5 

ACC 

Day 6 

ACC 

Week 2 Day 7 

ACC 

Day 8 

No ACC 

Day 9 

ACC 

Day 10 

ACC 

Day 11 

ACC 

Day 12 

CACC 

Day 13 

CACC 

In summary: 

•	 Baseline Driving:  Days 1 and 8 

•	 ACC use:  Days 2, 5, 6, 7, 8, 9 

•	 CACC use:  Days 12 and 13 

For each of the Baseline, ACC and CACC days, we will distinguish further between the 

morning and evening commute trips. The focus on commute trips can be justified by the 

desire to “block” additional sources of variability, since the “main” variation among trips 

will be caused by traffic conditions, and eventually by the driver (if the level of fatigue 

varies from day to day), although the latter is not information that we will have access to. 

The trips will be further divided into sections. For this study, we focus on highway 

driving; therefore, we will work mostly on the data that is collected when the participants 

enter the highway.  We expect the different sections to be: 

•	 On-ramp: when the participant enters the highway 

•	 Cruising: longer highway sections where the participant mostly regulates speed 

and distance 

•	 Merge: sections where the participant favors being in specific lanes in order to 

follow a direction 

•	 Split: same as above 

•	 Exit: when the participant exits the highway. 

The main question to answer is whether drivers are comfortable with the shorter gaps 

provided by the CACC. In order to do so, we want their opinion about the system, but 

also a set of more “objective” data, related to their use of the system. In order to do so, 

we want to observe: 

•	 Their use of the systems 

•	 The influence of the system on their driving. 

The part of their driving that we will focus on will be essentially: 
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•	 Gap regulation with a lead vehicle 

•	 Lane changes, in terms of number and location along the commute trip 

In order to so, we will: 

1.	 describe each trip/section in terms of chronological time where the driver is 

following a vehicle and times where the driver is driving “alone”, i.e. no targets 

are sensed. We can have two graphs: 

• one in time for each trip 

• one in distance summarizing all of the trip to see if there are locations where 

the ACC/CACC is systematically used/not used 

For each trip will have the number of vehicle following episodes and their duration 

2.	 Characterize each following episode in terms of: 

•	 duration 

•	 Initiation (e.g. SV catches up with slower POV, SV changes lane, POV 

changes lane) – this will likely be filled in by hand, although we can try to 

look at some data and see if we can sort them automatically 

•	 Time gap at ACC initiation 

•	 Average time gap 

•	 Number of braking events 

•	 Max braking level 

•	 SV speed 

•	 End condition (SV changes lane, POV changes lane, POV distances SV) 

3.	 For each following episode, we will have a chronological file (from beginning to 

end time) with time, lead vehicle speed, ACC vehicle speed, time gap to lead, 

TTC, and several figures plotting the vehicle speed, time gap, and brake pressure. 

We will refine the content of the plots once we get data. 

4.	 Identify every lane change and causes for the lane change, mostly distinguishing 

between lane change for overtaking and lane change for following a specific 

direction.  

5.	 Characterize system use 

•	 For each trip using one of the systems 

o	 Number of episodes when the system is used 

o	 Length of each of these episodes 

o	 Sections where the system is engaged/disengaged.  

•	 For each system use episode within a trip 

o	 Initial set speed 

o	 Conditions of disengagement of the system (brake pedal vs. button on 

steering wheel) 

o	 Elapsed time between disengagement and next engagement 
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Processes on the Copper  Nissan  copper computer  (CAN Message  contents):
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Processes on the Copper Nissan bronze computer:
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